Schizophrenia is characterized by complex and dynamically interacting perturbations in multiple neurochemical systems. In the past, evidence for these alterations has been collected piecemeal, limiting our understanding of the interactions among relevant biological systems. Earlier, both hyper-and hyposerotonemia were variously associated with the longitudinal course of schizophrenia, suggesting a disturbance in the central serotonin (5-hydroxytryptamine (5-HT)) function. Using a targeted electrochemistry-based metabolomics platform, we compared metabolic signatures consisting of 13 plasma tryptophan (Trp) metabolites simultaneously between first-episode neuroleptic-naive patients with schizophrenia (FENNS, n = 25) and healthy controls (HC, n = 30). We also compared these metabolites between FENNS at baseline (BL) and 4 weeks (4w) after antipsychotic treatment. N-acetylserotonin was increased in FENNS-BL compared with HC (P = 0.0077, which remained nearly significant after Bonferroni correction). N-acetylserotonin/Trp and melatonin (Mel)/serotonin ratios were higher, and Mel/N-acetylserotonin ratio was lower in FENNS-BL (all P-values < 0.0029), but not after treatment, compared with HC volunteers. All three groups had highly significant correlations between Trp and its metabolites, Mel, kynurenine, 3-hydroxykynurenine and tryptamine. However, in the HC, but in neither of the FENNS groups, serotonin was highly correlated with Trp, Mel, kynurenine or tryptamine, and 5-hydroxyindoleacetic acid (5HIAA) was highly correlated with Trp, Mel, kynurenine or 3-hydroxykynurenine. A significant difference between HC and FENNS-BL was further shown only for the Trp-5HIAA correlation. Thus, some metabolite interactions within the Trp pathway seem to be altered in the FENNS-BL patients. Conversion of serotonin to N-acetylserotonin by serotonin N-acetyltransferase may be upregulated in FENNS patients, possibly related to the observed alteration in Trp-5HIAA correlation. Considering N-acetylserotonin as a potent antioxidant, such increases in N-acetylserotonin might be a compensatory response to increased oxidative stress, implicated in the pathogenesis of schizophrenia. Molecular Psychiatry (2010) 15, 938-953;
Introduction
Schizophrenia is a remarkably complex disorder with a multitude of behavioral and biological perturbations. Whether these diverse alterations are independent biological processes or a result of a more fundamental pathology has yet to be determined. A multiplicity of theories have been proposed over the years that aim to conceptualize the pathological processes inherent to schizophrenia, including altered neurotransmission and signal transduction, neuropeptides, autoimmune dysfunction and many others. [1] [2] [3] [4] [5] Treatment likely modifies these metabolic processes, but which of the many metabolic pathways are modified and of what relevance they are to clinical outcome is a mystery. Thus, the issue at hand, first, is to identify the candidate biological process(es) that are associated with schizophrenia. Such an approach can lead to the identification of specific metabolic pathways that can serve as potential targets for therapeutic monitoring and intervention. We now have the means to address these questions with some degree of confidence.
Analyzing biological entities as integrated systems of genetic, genomic, protein, metabolite, cellular and pathway events that are in flux and interdependent is a new paradigm. 6 The application of metabolomics, which demands high-resolution multidimensional separation techniques, will transform the investigation of major psychiatric disorders, such as schizophrenia, depression and bipolar disorders. [7] [8] [9] [10] [11] Research into a small number of neurotransmitter systems-dopaminergic, serotonergic, glutamatergic and adrenergic-has shown up a large number of alterations, putatively associated with the disorders in question. However, the utility of these data in understanding these disorders has remained limited because neurotransmitter systems are linked to each other, to signal transduction systems and to a broad variety of membrane-bound and cellular systems.
Psychoses induced by indole hallucinogenic drugs, for example, lysergic acid diethylamide, have been used as a model in the pathophysiology of schizophrenia. Earlier investigations suggested hyperserotonemia may play an etiological role in schizophrenia. [12] [13] [14] [15] However, hyperserotonemia has not been replicated in other studies. 16, 17 In contrast, 5-hydroxytryptamine (5-HT) deficiency has also been proposed in schizophrenia because of (i) decreased level of 5-hydroxyindoleacetic acid (5HIAA) in the cerebrospinal fluid (CSF); 18, 19 (ii) low level of plasma tryptophan (Trp) 20, 21 and (iii) some clinical improvement after 5-HT precursor or Trp treatment. 22, 23 After the development of atypical antipsychotic drugs that potently block 5-HT 2 receptors, there was renewed interest in 5-HT for schizophrenia research. Antipsychotic drugs, such as clozapine and risperidone, have unique clinical properties resulting from their pharmacological actions on both dopamine and 5-HT receptors. 24, 25 Thus, 5-HT receptors, which are distributed in the brain regions, may be mediated by neuroleptics to regulate complex behavior processes. It is thus important to further understand how these atypical antipsychotic drugs affect not only the 5-HT pathway but also other linked biochemical pathways.
Tryptophan dysregulation may also be important in the glutamate system. One of the key metabolites in the Trp pathway, kynurenine (Kyn), has been implicated in schizophrenia. 26 Trp is either transaminated to kynurenate, a glutamate receptor antagonist, or is hydroxylated to 3-hydroxykynurenine (3OHKy), which is further degraded to the excitotoxic N-methyl-D-aspartate agonist, quinolinate. In view of the hypoglutamatergic hypothesis of schizophrenia, 27 alterations in the kynurenine pathway metabolism have been implicated in schizophrenia.
Utilizing the novel powerful and rapid multidimensional separation and characterization methods, for example, high-pressure liquid chromatography coupled with electrochemical coulometric array detection (LCECA), can lead to revolutionary changes in our understanding at the molecular level. [28] [29] [30] The resolving power of these methods is superior to onedimensional approaches, enabling comprehensive metabolic analyses, particularly in the targeted biochemical pathways. Parallel with these developments has been advances in informatics capable of rigorous qualitative and quantitative analyses allowing the development of exploratory models that will propel biological psychiatric research. In this study, we compared metabolic signatures consisting of 13 Trpdegraded products simultaneously in the plasma between first-episode neuroleptic-naive patients with schizophrenia (FENNS, n = 25) and healthy controls (HC, n = 30), as well as between FENNS at baseline (BL) and 4 weeks (4w) after antipsychotic treatment. Specifically, we examined (a) whether Trp metabolites differ among FENNS-BL, FENNS-4w and HC volunteers and (b) whether the intercorrelations between these metabolites, which reflect the integrity of these metabolic pathways, differ among the three groups.
Materials and methods

Clinical design
First-episode neuroleptic-naive patients. A total of 25 first episodes of psychosis patients (Table 1) were recruited after they provisionally met DSM-IV criteria for schizophrenia, schizophreniform or schizoaffective disorder based on Structured Clinical Interview for DSM Disorders. The initial diagnostic assessments were made by experienced research clinicians. Initial and follow-up diagnoses were confirmed at a diagnostic conference attended by research faculty and staff, chaired by an experienced psychiatrist (MSK). All patients signed informed consent after full explanation of the study. Blood samples were obtained at BL in patients (FENNS-BL) before the initiation of antipsychotic agents. A second set of blood samples was obtained in the same patient individuals about 4 weeks after treatment (FENNS-4w) with one or more of the following antipsychotic drugs: risperidone (n = 17), olanzapine (n = 4), quetiapine (n = 2), aripiprazole (n = 1) and haloperidol (n = 2). The number adds up to more than 25 because of polypharmacy.
Normal controls. A total of 30 age-matched HC volunteers (Table 1) were recruited through local advertisement. Volunteers with earlier exposure to antipsychotic agents, a lifetime history of an Axis I disorder, systemic medical illness requiring treatment and neurological disorders were excluded. It is interesting to note that the body weight of both male and female volunteers was significantly higher in a normal control group than in a FENNS group (Table 1) .
Sample preparation
All blood samples were collected in the morning after overnight fasting. Samples were prepared for analysis by extraction in acidified acetonitrile and analyzed by LCECA as described earlier. [30] [31] [32] [33] Briefly, freshly drawn blood with anticoagulant citrate dextrose was centrifuged at 750 g for 7 min to remove red blood cells and stored at À80 1C in a freezer. An aliquot (250 ml) of a stored sample was mixed with 1 ml of acetonitrile/0.4% acetic acid at À25 1C and vortexed for 45-60 s; then the temperature was brought to À15 1C in a cold block, and vortexed again for 30-45 s. The samples were centrifuged for 15 min at 12 000 g at 4 1C. In total, 1 ml of the resulting supernate was transferred to a 2 ml screw top vial and evaporated under vacuum. It is critical that the vacuum is sufficient to freeze the sample during this step. The sample was reconstituted in 200 ml of mobile phase A and 100 ml were loaded onto two autosampler vials, one of which was archived at À80 1C. Profiles are stable in acetonitrile extract, dried extract and mobile phase-diluted extract.
During sample preparation, pools were created from equal volumes of aliquots of all samples. All assays were run in sequences that include 10 samples, authentic reference standard mixtures of 80 known compounds, pools of all samples and duplicate preparations of the same sample. Duplicates are spaced at short and long intervals through the run to reflect the performance of the total database. Run orders of all samples in this study were randomized. The sequences minimized possible analytical artifacts during further data processing. Pools and duplicates were used to access the precision of the entire data set. In addition, the pools were used as references for time normalization (stretching). A practical advantage of LCECA for this study is the relative freedom from maintenance events. This is important for the generation of consistent databases from large numbers of samples over extended time periods. In our earlier work we have run LCECA continuously for 24 h per day over 6 months.
High-pressure liquid chromatography coupled with electrochemical coulometric array detection The LCECA method used in this study has been described earlier 29, 30 and applied to studies of dietary restriction in a rat model, 31 lower motor neuron disease 32 and Parkinson's disease. 33 Briefly, the liquid chromatographic method employs an A mobile phase (10.3 g l À1 sodium pentane sulfonate, 5 ml l
À1
glacial acetic acid) and a B mobile phase (methanol/ acetonitrile/isopropanol 8/1/1, 8 g l À1 lithium acetate, 20 ml l À1 glacial acetic acid). A gradient is run from 100% A to 100% B over 120 min. The electrochemical array of 16 series coulometric detectors is set from 0 to 900 mv in equal 60 mv increments from detector 1 to 16. In this mode a compound passing through a coulometric electrode is oxidized by 100% of the thermodynamically possible amount. This results in a characteristic signature for a compound expressed as a ratio on sequential electrodes. This ratio provides a high degree of qualitative certainty, which can be set for any particular study. 30 The gradient and detector conditions typically provide responses at the 500 pg ml À1 level (5 pg on column) for ca 1500-2000 compounds in biological samples. In comparison with mass spectrometry (MS) a specific thermodynamically determined response ratio and retention time in an LCECA method does not carry as much qualitative certainty as an accurate mass peak or fragmentation pattern in MS/MS. However, in comparison with MS for the classes of compounds measurable on LCECA the sensitivity of ca 500 pg ml À1 is typically one to two orders of magnitude lower than can be achieved with MS. As an example, we conducted a study directed at identifying metabolites implied by the presence of multiple responses in an LCECA method following Huntington's disease patients treated with phenyl butyrate. 34 The LCECA method employed 40 ml of plasma. It was necessary to concentrate and fractionate 4 ml of plasma to obtain sufficient material for qualitative identification in a parallel LCECA/LCMS system. The LCECA method with 100% efficient electron transfer also has an inherent quantitative control based on the integration of the total coulombs of the peaks 34 and the calculation of quantity by Faraday's law. Thus, it is independent of such factors as variations in ionization efficiency as a result, for instance, of column bleed.
Inter-laboratory/inter-method comparisons are a field in and of themselves. Well-designed studies are highly expensive and have to take into account standards, preparative methods, sample splitting techniques and so on, as well as the instrumentation and parameters of instrument usage. Initial efforts are frequently discouraging. As an example the initial round of the multi-center/method ESCOT study for 8 hydroxy 2 0 deoxyguanosine measurements initially returned values differing by a factor of 1000 with the higher values resulting from source artifacts in a gas chromatography-mass spectrometry (GCMS) method.
Enzyme-linked immunosorbent assay techniques for this same analyte in urine are typically comparable to electrochemical methods for controls and standards but a factor of 2-5 higher in various disorders, whereas GCMS techniques for this analyte in CSF have been reported as 10 000 times higher compared with electrochemical techniques.
Data reduction and analysis
All chromatograms in the study were backgroundcorrected to eliminate the base line drift inherent in gradient profiles. By controlling the analytical conditions, the location of any particular peak in a 16-channel 110-min chromatogram was held within ± (5-30) s through the study. Background-corrected files were then sequentially time-normalized against a single pool in the middle of the study sequence. A two-step stretching protocol with a multitude of peaks was used. First, proprietary software (ESA, CEAS 512 ESA, Inc., Chelmsford, MA, USA) was used to align 15-20 major peaks in the chromatogram and interpolate the positions between them. Then, an additional 20-25 smaller peaks present in most samples were selected from the derivative file and those were realigned, keeping the major peaks in the same position. Selected peaks were aligned within ± 0.5 s and non-selected peaks within ± (1-1.5) s over the entire 110 min assay. An example of two pools analyzed 2 months apart, and a duplicate sample from a subject analyzed at the beginning and at the end of the study 4 months later, is shown in Figure 1 .
Data were exported in three formats. First, all responses matching the retention and electrochemical signature of compounds in the reference standard were exported in concentration units of ng ml
À1
. Second, all responses matching resolved peaks in the pool of all samples were exported in terms of their relative response to the pool value. The concentrations of these were subsequently estimated by the total coulombs in the peak assuming a molecular weight of 200 and a two-electron charge transfer.
Third, in addition to determining the concentration levels of peaks against standards and pools, we exported the analytical information for all samples in digital format (digital maps). 34 Using complete digital output served two purposes: (i) capture of all analytical information for the following data analysis and (ii) avoiding possible artifacts introduced by peak-finding algorithms. The number of variables in the digital maps depends on the resolution set during the data export. In this study, the resolution was set at 1.5 s and the number of data points (variables, defined as the signal at a given time on a given channel) obtained from one sample, using our current LCECA approach, was 66 000. It is important to note that the number of variables in digital maps is not equivalent to the number of analytes because an individual analyte is represented by more than one variable. Depending on the concentration of an analyte and on its separation across the electrochemical array, the number of variables characterizing an analyte could be between 10 and 100. In the consolidated files of a study all variables were aligned in a spreadsheet for data analysis with each column representing a single subject (sample) organized by time from channel 1 to 16. Each row in a spreadsheet represents the response of a compound (variable) at a specific time and channel for all samples. This approach avoids artifacts in data reduction and protects against overfitting in the data analysis. Before data analysis, rows in the digital maps for which all values were negative or < 30 pA (noise level of the analytical method), for all samples were eliminated. The data were analyzed by conventional statistical methods and by partial least squares discriminant analysis. 35 After finding the variables differentiating the groups (for example, schizophrenic vs control volunteers), we sorted the variables by retention time and channel. This step allowed the isolation of 'peak clusters' (that is, all digital map variables characterizing one specific analyte), which, in turn, provides an identification of specific markers. Then the most significant variables in the digital maps were used to identify the location of the actual marker peaks within the chromatograms.
Analysis of Trp metabolism
Generally, a metabolic pathway consists of sequential biochemical reactions that generate various products from a set of precursors. Thus, connections between biochemical reactions through the substrate and the product metabolites form complex metabolic networks that may be analyzed using network theory, stoichiometric analysis, and information on protein structure/function and metabolite properties. 36 In this study, estimates of various enzyme activities in Trp pathways were calculated using the product-to-precursor ratios for each enzyme. The following ratios were used: 5-hydroxytryptophan (5HTP)/Trp for Trp hydroxylase; 5HT/5HTP, 5HT/Trp and tryptamine (Trpa)/Trp for aromatic L-amino acid decarboxylase; N-acetylserotonin (NA5HT)/5HTP, NA5HT/5HTP and NA5HT/Trp for serotonin N-acetyltransferase; melatonin (Mel)/NA5HT and Mel/5HT for 5-hydroxyindole-O-methyltransferase; 5HIAA/5HT, 5HIAA/5HTP and 5HIAA/Trp for monoamine oxidase and aldehyde dehydrogenase; Kyn/Trp for indoleamine 2,3-dioxygenase and formamidase; and 3OHKy/Kyn and 3OHKy/Trp for kynurenine 3-hydroxylase. The absolute value for each Trp metabolite was used for calculating the ratios. Significant changes in such ratios were based on comparing patients and controls or on treatment with antipsychotics.
Statistical analyses
All analyte variables were expressed as ng ml À1 of plasma. Three groups of samples were analyzed: controls (HCs, n = 30), FENNS at BL (FENNS-BL, n = 25) and the same patients after 4 weeks of antipsychotic treatment (FENNS-4w, n = 25). A total of 13 analytes within the Trp pathway were measured and the descriptive statistics were computed for each of the three groups according to the flow chart for data analyses ( Figure 2 ). As not all analytes were normally distributed, hypotheses of no difference between the relative concentrations of each analyte for the HC and FENNS-BL groups, and for the FENNS-BL and FENNS-4w time points, were tested by nonparametric Wilcoxon rank sum tests and Wilcoxon signed ranks tests, respectively. Some analytes had a number of identical minimum entries that were censored below. When ties were present, the normal approximations for the above Wilcoxon test statistics 37 were used in the tests. Control of type I error for this multiple testing process was effected by applying the Bonferroni correction.
The raw data were viewed by quantile-quantile normal and w 2 plots, and by variable-pair scatterplots, to assess normality and nonlinear relationships. The majority of the analytes (8 of 13) within the Trp pathway either was, or was able to be transformed to, approximate univariate and multivariate normality by the following small set of strictly increasing (from left to right) functions of the variable (or simply, transformations): natural log (ln), square root (sqrt), quartic root (qurt), negative inverse (inv), negative inverse square root (isq) and negative inverse quartic root (iqu). A correlation test 38 and Henze and Zirkler's test 39 were used to assess approximate univariate and multivariate normality, respectively, requiring P < 0.10 for rejection of normality. Analyte concentration variables with larger numbers of entries censored below could not be transformed to normality and were not entered into this portion of the analysis. The analyte variables with normal distributions were Trp, serotonin, tryptamine, tryptophol, 5HIAA, Mel, kynurenine and 3-OH-kynurenine.
Gender, age and weight, and height or body mass index were available for all but one control. For Cross-validation using estimated prediction error: Identify a "best" model from a forward-selection, backwardelimination sequence of models Figure 2 Flow chart of data analyses.
Altered interactions of tryptophan metabolites JK Yao et al normally distributed data, dependence on covariates within group pairs was checked through linear models. We first examined group differences in weight and height with gender and age as covariates, and then studied group differences in each analyte with each covariate successively included. For the raw, non-normal data, we computed Kendall's ô -a correlations between analytes and the covariates within each group, as a measure of dependence on the covariates. We resolved to remove any dependence reaching significance for a = 0.10 (two-tailed), subjected to Bonferroni correction for the number of analytes, in subsequent analyses. All three groupings of data (CTRL, FENNS-BL and FENNS-4w) were tested for complete independence of the Trp pathway variables. 40 Following Larntz and Perlman 41 and Drton and Perlman, 42 we used Fisher's z-statistic with Š idák simultaneous 95% (and 90%) confidence intervals 43 to determine which correlations were clearly (or possibly) different from zero. The degrees of freedom were adjusted for multiple correlations rather than for the partial correlations. 44 These and all other tests on covariance/correlation matrices had their P values checked by Monte Carlo simulation using 10 000 randomly generated datasets, because of the asymptotic assumption of these tests and the limited sample sizes in our data. The test statistic and Monte Carlo P values did not differ greatly, but the Monte Carlo P values were taken as more accurate.
We also used the rank correlation method of Kendall to examine associations among all 13 untransformed analyte variables, within each volunteer group. This method tests the null hypothesis of no rank correlation between the two variables whose distribution is not known, and can accommodate tied or censored values up to the extreme case of variables with dichotomous values. 45 We tested the 13*(13À1)/ 2 = 78 Kendall t correlations against the two-sided alternative, using Bonferroni-corrected a = 0.05 (or a = 0.10), to determine which correlations were clearly (or possibly) different from zero, for each group separately.
Finally, the ability of the analytes to classify volunteers by group membership was examined by logistic regression. 46 A sequence of models was generated by forward selection/backward elimination. Models were assessed by deviance reduction, as well as by 5-and 10-fold cross-validation, with prediction error estimated by the negative log-likelihood loss function. 47 K-fold cross-validation is used to avoid choosing models suggested by random aspects of the data. One divides the N data samples randomly into K nearly equal portions, and leaves each portion out, successively, while making K estimations of the model parameters, giving K models. Then each of the K models is used to compute the estimated prediction error (EPE) for the corresponding left-out portion of the data. The means and standard errors of the K EPE values are then plotted as the process is repeated for the original large sequence of models (with different numbers of analyte variables). A common procedure for identifying a 'best' model is to first find the model with the lowest EPE value (see Figure 2) , and then to select the smallest model with EPE within one standard error of the lowest EPE value. 47 
Results
Tests of difference in the group locations Descriptive statistics for all the analytes, by group, appear in Table 2 . Note that 5HTP, NA5HT, NM5HT, 3OHKy, anthranillic acid (ANA) and 3-hydroxyanthranillic acid (3OHANA) had medians much lower than their means, and sometimes identical to first quartile values. Substantial numbers of samples for these analytes had values measured at the same (analyte-specific) lower threshold, that is, censored below. ANA presented the extreme case with almost all samples censored below 11.15.
Testing demographic covariates. Of the covariates, height, weight and age were normally distributed, but body mass index was not. There were significant differences (P < 0.05) between the HC and FENNS groups in both height and weight even after the (significant) covariate 'gender' was entered, but age had no significant contribution (see Table 1 ). For the raw, non-normal data, we found no significant (a = 0.10) Kendall's t correlations between analytes and the covariates (gender, age and body mass index) within groups or within group pairs after Bonferroni correction for the number of analytes. Therefore, we did not correct for any effects of covariates in the nonparametric analyses to follow.
Non-parametric location testing. The Wilcoxon ranksum tests showed higher N-acetylserotonin in FENNS-BL compared with HC (P = 0.0077, a 'trend-level' difference after Bonferroni correction of an a of 0.05 to obtain 0.0038, or 0.10 to obtain 0.0077, Table 2 ). After antipsychotic drug treatment, the mean level of N-acetylserotonin was reduced, although the difference was not statistically significant (Wilcoxon signed rank tests). Similarly, the difference between FENNS4w and HC groups was also not statistically significant (P = 0.4570). However, the levels of both Mel (P = 0.0034) and Trp (P = 0.0070) were reduced and possibly reduced, respectively, in FENNS-4w compared with HC, but not to the FENNS-BL patients (Table 2) .
On the other hand, these groups did differ in post-hoc comparisons involving a set of ratios of analytes (Table 3) , selected as described above. The ratios of NA5HT/Trp and Mel/5HT were significantly higher (P-values < 0.0029) and the ratio of Mel/NA5HT was significantly (P = 0.0011) lower in FENNS-BL than in HC volunteers (Table 3) . After antipsychotic drug treatment, however, such differences were no longer present. of 30 (80%) HC. However, both 5-and 10-fold crossvalidation found that the prediction error estimates (here, the negative log-likelihood loss function) of models with more than one variable were not any better than that of the single-variable NA5HT model (Figure 3 ). Note that this result is in agreement with the significant finding for NA5HT by the Wilcoxon rank-sum test (Table 2) . In comparing HC with Figure 3 . None of the analytes made a significant contribution to a model attempting to classify the drug-naive state vs drug-treated state of the patients, whether assessed by deviance reduction or by cross-validation.
Testing for non-zero correlations
For the eight normally distributed (transformed) analyte variables, we tested the dependence of analytes on covariates and the 'group' variable within group pairs. We found no differences that were significant after Bonferroni correction for the number of analytes (P < 0.10/8 = 0.0125), similar to the case with the raw, non-normal data above. Figure 3 Cross-validation (fivefold) for the logistic regression classifier of HC vs FENNS-BL groups. A series of models was chosen by forward selection/backward elimination using as criterion the minimizing of the estimated prediction error (À2 Â log likelihood), displayed for each model ± its own standard error. Note that the 3-variable model has the lowest value, but that a practical selection rule (see text) favors choosing the 1-variable model (NA5HT): essentially as good and more parsimonious. HC, healthy controls; FENNS-BL, first-episode neuroleptic-naive schizophrenic patients at baseline; NA5HT, N-acetyl serotonin.
As the tests for total independence were highly significant for all three groups (Schott's test; HC: z = 35.18, P = 0; FENNS-BL: z = 19.78, P = 0; FENNS4w: z = 16.62, P = 0), we sought to determine which multivariate correlation coefficients were significantly different from zero. As suggested by Drton and Perlman, 42 we chose to label correlations with P < 0.05 as significant, and to regard a group of correlations for which 0.05 < P < 0.10, as having indeterminate significance.
Within the Trp pathway, all three groups had highly significant correlations between Trp and its metabolites, Mel, kynurenine, 3-hydroxykynurenine and tryptamine (Table 4) . By contrast, significant correlations between serotonin and Trp, Mel, kynurenine or tryptamine were only shown in normal controls, and not in FENNS patients at BL or in FENNS patients after 4-week treatment with antipsychotic drugs (Figure 4) . Similarly, in the HC group 5HIAA was highly correlated with Trp, Mel, kynurenine or 3-hydroxykynurenine; these correlations were not found to be significant for either patient group ( Figure 5 ). For easier comparison, Š idák simultaneous (corrected) P values rather than confidence intervals are presented in Table 4 .
As the original data were not all normally distributed or transformable to approximate normality, we also computed the non-parametric Kendall's t rank correlations, with Bonferroni correction for the control of type I error. The parametric results were largely reproduced (Table 4) , with the only slight differences noted for the 5HT-Trpa correlation, which was significant for the HC group using the Drton-Perlman procedure but not using the Kendall t method.
In addition, the Larntz-Perlman method was used to produce simultaneous Š idák 95% confidence intervals to test explicitly for differences in the non-null multiple correlations between two groups. These correlation confidence intervals exclude 0, and produce a simultaneous Š idák P-value of 0.036, for a = 0.05, only for the correlation between the transformed Trp and 5HIAA variables, when compared between the HC and FENNS-BL groups ( Figure 5 ).
Discussion
Lacking control mechanism in the biosynthesis and catabolism of serotonin Tryptophan degradation constitutes primarily three branches including serotonin, kynurenine and tryptamine pathways ( Figure 6 ). When compared with serotonin or 5HIAA levels (Table 4) , Trp (precursor) and Mel (metabolite) levels indicate that the metabolic control of relative metabolite ratios is occurring in HC volunteers , but these controls are completely lost for either FENNS patient groups. Although levels of serotonin (or 5HIAA) were also significantly correlated with kynurenine, 3-hydroxykynurenine or tryptamine, such correlations are likely secondary to the significant correlations between Trp and the above metabolites (Table 4) . Earlier, Payne et al. 48 have shown that non-schizophrenics had significant positive correlations between dietary Trp and kynurenic acid or xanthurenic acid, and between niacin ingestion and kynurenic acid, 5HIAA or xanthurenic acid, whereas the schizophrenics did not. Taken together, a control mechanism used by HC volunteers seems to be impaired in FENNS patients to regulate Trp metabolites through the serotonin pathway.
Upregulation of N-acetylserotonin synthesis from serotonin As increased levels of NA5HT and the ratio of NA5HT to its precursor (Trp), as well as decreased ratio of Mel (metabolite) to NA5HT were also shown in FENNS-BL compared with HC volunteers, it is likely that The P values were calculated by Monte Carlo simulated probability of the statistic (good approximation for all sample sizes). FENNS, first-episode neuroleptic-naive schizophrenic; sqrt, square root; qurt, quartic root; ln, natural log; isq, negative inverse square root.
conversion of serotonin to NA5HT ( Figure 6 ) is specifically upregulated in the FENNS-BL patients.
In the pineal gland, outside the blood-brain barrier, synthesis of serotonin and conversion to NA5HT and Mel occur. 49 This pathway is ordinarily upregulated by sympathetic activity with origin through suprachiasmatic nucleus, hypothalamus and superior cervical ganglion, in the absence of light. The a-and b-noradrenergic activation of the rate-limiting enzyme, arylalkylamine N-acetyltransferase, followed by the rapid transfer of a methyl group to N-acetylserotonin through hydroxyindol-O-methyltransferase, generates far higher levels of Mel at night than during daytime. 50 To avoid the effect of diurnal rhythm in the Mel level, all blood samples were collected in the morning after overnight fasting.
Although arylalkylamine N-acetyltransferase and hydroxyindol-O-methyltransferase have been localized primarily to the pineal and retinal tissues, these enzymes and Mel receptors are also found in other The P values were calculated by Monte Carlo simulated probability of the statistic (good approximation for all sample sizes). FENNS, first-episode neuroleptic-naive schizophrenic; iqu, negative inverse quartic root; qurt, quartic root; ln, natural log.
locations including brain and peripheral tissues. [50] [51] [52] Interestingly, Mel concentration is 20 times higher in the third ventricle CSF than in plasma. 53 Tricoire et al. 54 further showed that Mel is released into the pineal recess (a third ventricle evagination penetrating into the pineal gland) and is then distributed throughout the ventricular system to possibly reach the periventricular binding sites. In addition to the regulation of the circadian rhythms, Mel has been linked to many putative effects resulting from a central action, 55 for example, enhancement of sleep and immune function, neuroprotection during nerve degeneration and seasonal control of luteinizing hormone secretion.
The possibly elevated NA5HT may in part result from excessive sympathetic tone in the acutely psychotic patients. It is possible that transfer of NA5HT and Mel from the brain compartment and other sites to the peripheral circulation could also have contributed to the findings.
Oxidative stress and neuroprotection Schizophrenia is a remarkably complex disorder with a multitude of behavioral and biological perturbations. A multiplicity of theories have been proposed over the years that aim to conceptualize the pathological processes inherent to schizophrenia. 2 Whether these diverse alterations are independent biological processes or a result of a more fundamental pathology has yet to be determined.
Biological systems have evolved complex protective strategies against free radical toxicity. Under physiological conditions the potential for free radicalmediated damage is kept in check by the antioxidant defense system, comprising a series of enzymatic and non-enzymatic components. These enzymes act cooperatively at different sites in the free radical pathways. Oxidative stress in the brain occurs when the generation of reactive oxygen species overrides the ability of endogenous antioxidant systems to remove excess reactive oxygen species subsequently leading to cellular damage. 56 Increasing evidence suggests that mitochondrial pathology and oxidative stress may be the most critical component in the pathophysiology and outcome of schizophrenia. [57] [58] [59] [60] [61] Recently, we 62 have further observed that a dynamic state is kept in check during redox coupling under normal conditions. By contrast, lack of such correlations in brains with schizophrenia point to a disturbance of redox coupling mechanisms in the antioxidant defense system, possibly resulting from a decreased level of glutathione (GSH) and age-related decreases of oxidized GSH and glutathione reductase activities. Taken together, our earlier data showing altered membrane dynamics and antioxidant defense system enzyme activities, and findings of abnormal GSH gene 63 are consistent with the notion of free radical-mediated neurotoxicity in schizophrenia.
Both N-acetylserotonin and Mel are indole compounds, which are known to act as a scavenger of reactive oxygen species such as hydroxyl radical, hydrogen peroxide, alkoxyl radical, hypochlorous acid or singlet oxygen. [64] [65] [66] Moreover, Mel may upregulate the endogenous antioxidant defense system by stimulating glutathione peroxidase 67, 68 and superoxide dismutase. 69 In addition, the ability to inhibit lipid peroxidation by both compounds can protect long-chain polyunsaturated fatty acids in biological membranes. [70] [71] [72] In contrast, other studies indicated that Mel may be a relatively inactive antioxidant. [73] [74] [75] [76] On the other hand, N-acetylserotonin is a better extra-and intra-cellular antioxidant than Mel. 74, 76, 77 Considering N-acetylserotonin as a potent antioxidant, such increases in N-acetylserotonin might be a compensatory response to increased oxidative stress in schizophrenia.
Effect of antipsychotic treatment on Trp depletion
Using Wilcoxon signed rank tests and the LarntzPerlman procedure, respectively, we found no significant differences in either levels or correlations of 13 Trp metabolites between FENNS-BL and FENNS-4w patients. However, there was a significant reduction of Mel and a 'trend level' decrease of Trp in FENNS4w compared with HC volunteers ( Table 2) . As Trp is an essential amino acid, a slightly lower dietary intake in the FENNS group may have occurred. The effects of abnormally high levels of sympathetic arousal during acute psychosis can diminish markedly with antipsychotic treatment after 4 weeks, the time at which our samples showed lower Mel levels. Still, paired tests of Mel and NA5HT in FENNS patients did not show changes with treatment. Table 2 .
Similarly, others have also not found significant changes, before subgrouping, in indoleamine metabolites over the course of atypical antipsychotic treatment. [78] [79] [80] In HC volunteers, Trp depletion may be associated with some mood lowering, some memory impairment and an increase in aggression. 81 In patients with schizophrenia, Trp depletion exacerbated depressive symptoms and had no effects on positive or negative symptoms, 82 whereas another study showed worsening negative symptoms. 83 After antipsychotic treatment, however, Trp depletion may lead to an improvement on cognitive function including Wisconsin Card Sorting Test and Speed and Comprehension of Language Processing. 84 In contrast, decreased levels of Mel may have a beneficial effect on memory formation. 85 Normal turnover of serotonin to 5-hydroxyindoleacetic acid Earlier, the role of serotonin in schizophrenia has been examined through 5HIAA, which is the principal metabolite of serotonin. A meta-analysis was carried out on the CSF, serum or urine levels of 5HIAA in patients with schizophrenia and HC volunteers from 12 studies, 86 suggesting that 5HIAA levels were not altered in schizophrenia, whether in an acute phase or a chronic phase. Using CSF samples and HPLC/CEAS simultaneous measurements, Issa et al. 87 also found no differences in Trp pathway metabolites between schizophrenics and controls; however, NA5HT and Mel were not among the metabolites assayed. In this study, levels of 5HIAA were also not significantly different between HC and the two FENNS patient groups (Table 2) , making it unlikely that the turnover of serotonin to 5HIAA is disturbed in schizophrenia. Lacking significant correlations between 5HIAA and Mel, kynurenine or 3-hydroxykynurenine in FENNS patient groups ( Figure 5 ) are probably because of the fact that the levels of serotonin (precursor of 5HIAA) were also not significantly correlated with the above metabolites in the FENNS patient groups (Figure 4) .
In contrast, significant within-group correlations between 5HT and Trp ( Figure 4 ) and between 5HIAA and Trp ( Figure 5 ) were shown only in the HC volunteers, but not in the FENNS patient groups (Figures 4 and 5) . Moreover, the correlation between 5HIAA and Trp was significantly greater in the HC than the FENNS-BL groups ( Figure 5 ). For a given dietary intake of Trp, there may be tighter regulatory control over 5HIAA production in the HC than in the FENNS group, significant when the latter patients have untreated psychosis (FENNS-BL). Although NA5HT and 5HIAA share the pathway precursors, Trp, 5HTP and serotonin, there is no change in 5HIAA reciprocal to the NA5HT increase in the FENNS-BL group, perhaps as there is a 20:1 ratio of 5HIAA to NA5HT produced. It is possible that the altered Trp-5HIAA correlation and the NA5HT increase noted for this group are related.
Kynurenine pathway
Another branch of Trp catabolic cascade is the kynurenine pathway that produces neurotoxic (3-hydroxykynurenine and quinolinic acid) and neuroinhibitory (kynurenic acid) compounds ( Figure 6 ). Kynurenic acid acts as a competitive antagonist of the glycine site of N-methyl-D-asparate receptors at high concentrations 88 and as a noncompetitive antagonist of the a-7-nicotinic acetylcholine receptor at a low concentration. 89, 90 Thus, increased levels of kynurenic acid may produce a spatial working memory dysfunction. 90 Schwarcz et al. 26 have shown earlier increased cortical levels of kynurenic acid in schizophrenia, which may be related to cognitive impairment. 91 Although plasma kynurenic acid was not determined in this study, we were unable to detect that levels of kynurenine and its metabolites, 3-hydroxykynurenine, anthranillic acid and 3-hydroxy anthranillic acid, and tryptamine, were significantly different between HC volunteers and two FENNS patient groups (Table 2 ). In addition, the ratio of kynurenine to Trp remained essentially the same among the three groups (Table 3) indicating that the enzyme indoleamine 2,3-dioxygenase was not altered in the FENNS patients. Subsequently, we searched for correlations between the levels of various metabolites to gain information about metabolic links. 92 Like HC volunteers, both the FENNS patient groups also showed highly significant correlations between Trp and kynurenine, 3-hydroxykynurenine or tryptamine (Table 4) . Moreover, each pair has an almost identical regression slope (data not shown) indicating tight control over relative metabolite ratios along the Trp pathways. It is likely that neither the kynurenine nor tryptamine pathways were altered in FENNS patients. After 24-h dietary intakes of Trp, Payne et al. 48 have shown significant positive correlations between 5HIAA and kynurenic acid or xanthurenic acid in both schizophrenics and non-schizophrenics. Thus, these data support a notion that the same control mechanism may present in both HC and FENNS patients to regulate the levels of specific Trp metabolites through kynurenine and tryptamine pathways.
Strengths and limitations
Earlier studies in schizophrenia have been limited to one or a few metabolites in the Trp pathway. In this study, using a LCECA, we are able to measure 13 Trp metabolites simultaneously in the plasma between FENNS and HC volunteers as well as between FENNS at BL and 4 weeks after antipsychotic treatment. The data collected from LCECA allow multiple rather than single metabolites to be used in markers for a group, which will greatly improve the predictive diagnostics for phenotypes that are directly involved in the neurotransmission and antioxidant defense system. More significantly, these comprehensive analyses that generate metabolic profiles represent not only biomarkers for disease, but also metabolic maps that can be used to identify specific genes responsible for disease. 8, 29, 93 With regard to the covariate effects, the group differences in weight and height remained significant even after the significant gender effect was entered, raising the possibility of confounding these effects with 'group.' However, analyte dependence on covariates was minimal and not significant, so that any confounding of 'group' with covariates, in considering these effects on analytes, was considered unlikely.
The use of cross-validation to assess the performance of the logistic regression classifier tended for us to select smaller models than the traditional deviance-reduction method of inference. We note that this conservatism, plus some additional, is advisable as there is no unbiased estimator of the variance of prediction error (used in the error bars of Figure 3 ) as estimated by K-fold cross-validation. 94 Ideally, one would have held out from analysis to this point some additional data samples for use in a completely independent test of our models and their parameters. Unfortunately, this was not possible with the limited data available, and an independent test must await collection of new data.
Regarding the correlations among analytes, it should be noted that explicit tests of differences in the non-null multiple correlations across the groups, using simultaneous Š idák 95% confidence intervals (Larntz-Perlman), found a significant difference only for the Trp-5HIAA correlation. Hence, the differences in the detection of correlations significantly different from zero noted above for the three groups, contrasts with a general failure to detect the significance of correlation differences. The explanation may be either a lack of true differences or a failure to see true differences because of a larger variance when comparing two correlations with each other than when comparing one correlation with zero. Future research or larger numbers of samples would likely resolve this issue.
In this study, we have not carried out data analyses of biochemical correlations to clinical measures regarding symptom expression and illness severity because other related pathways and cross-pathway relationships are currently under investigation. To provide a better context, we will seek clustering of, and biological meaning in, group difference findings. This approach will seek clinical-biochemical associations by targeting key biochemical variables instead of pursuing large-scale multiple testing.
